Macroalgae were identified as third generation carbon source for bioethanol production and possess several advantages over terrestrial biomass. Hence, two common seaweeds, P. tetrastromatica and S. vulgare have been evaluated as substrates for ethanol production. They were collected from coast of the Bay of Bengal at Visakhapatnam, Andhra Pradesh, India. Samples were cleaned, dried and crushed to powder which were subjected to separate treatments with dilute sulphuric acid, sodium hydroxide and a combination of both. Based on the quantities of sugars released from these treatments, pretreatment with 1% and 2% v/v sulphuric acid for 45 min at 121˚C were chosen for P. tetrastromatica and S. vulgare respectively and the quantities of sugars released were 0.32 and 0.44 g/g. The resulting hydrolyzates were detoxified by sequential treatment with ethyl acetate and calcium oxide and were then fermented employing Saccharomyces cerevisiae strain R3DSC5 which was deposited at IMTECH, India, with accession number MTCC 12377. Ethanol yield obtained with P. tetrastromatica (0.66 g/g) during the present work is more than the highest yield (0.45 g/g) reported so far for any marine algal biomass while that obtained with S. vulgare (0.38 g/g) is on par with the highest yield (0.386 g/g) reported for other species of Sargassum. This study shows that both the seaweeds are potential sources for bioethanol production and of the two, P. tetrastromatica is better.
Introduction
Bioethanol production from renewable carbon sources is considered as a better alternative to overcome the projected problems associated with the sole dependence on fossil fuel. Presently, the major substrates for industrial ethanol production are sugarcane juice, molasses and starch from corn grain, wheat, cassava, rye, barley, triticale and sorghum. The production cost is cheapest for sugarcane juice and highest for lignocelluloses (Oscar and Carlos, 2009 ). Sugarcane juice is generally utilized for sugar production and its derivative, molasses, is used for ethanol production. However, molasses is inconsistent in composition as well as availability while starch and land biomasses are also used as food sources. Consequently, in the past few years, studies were initiated on the feasibility of using marine biomass which is considered as the third generation biomass (Nigam and Singh, 2010) for ethanol production. The advantages of macroalgal biomass in comparison with terrestrial lignocellulosic sources are freedom from dependence on agricultural resources (Adams et al. 2009 ), lignin (source of fermentation inhibitors) is either absent or in low quantity (Yanagisawa et al. 2011) , absorption of more carbon dioxide, high productivity per unit area and the possibility to utilize various water sources (Sahoo et al. 2012 ).
Marine algae, in addition to being naturally abundant, are also cultivable with simple inputs such as sea water, sunlight and carbon dioxide (Chun and Keat, 2010) . Many countries are already engaged in the commercial scale culture of sea weeds. East Asian countries contribute almost 99% of the cultured production. Having a long sea coast, India had crossed 600,000 tons (wet weight) production of sea weeds (Sajid and Satam 2003) . The macroalgae studied hitherto for ethanol production include Laminaria (Adams et al. 2009; Ge et al. 2011; Horn et al. 2000; Kim et al. 2011) , Gelidium amansii (Yoon et al. 2010) , Sacchoriza and Alaria (Yeon et al. 2010) , Gracilaria salicornia , G. verrucosa (Kumar et al. 2013) , Kappaphycus alvarezii (Khambhaty et al. 2012; Meinita et al. 2012; Xiaolin et al. 2014) and Ulva fasciata (Nitin et al. 2013 ).
In view of the advantages of using marine algal biomass for biofuel production, two macroalgal species, Padina tetrastromatica Hauck and Sargassum vulgare C. Agardh, have been selected for the present study. Sargassum is now cultivated for algin and around 16000 tons of this standing crop was reported in Indian waters (Kaladharan and Kaliaperumal 1999) . P. tetrastromatica is abundantly available in the coastal areas of India (Divya et al. 2014) including the Bay of Bengal coast of Vishakhapatnam. Thus, there is a possibility for a dependable supply of biomass to the industry through their cultivation. When this study was initiated, reports on the usage of Sargassum and Padina for bioethanol production were unavailable. However, when this study was about to be concluded, ethanol production from Sargassum (Myra et al. 2013 ) (species not specified), S. sagamianum (Yeon et al. 2010) and S. fulvellum (Kim et al. 2011) were reported.
The objectives of this study on the biomass of these two macroalgae include determination of chemical composition, optimization of non-enzymatic pretreatment conditions, estimation of simple sugars as well as common fermentation inhibitors composition in the hydrolyzates and evaluation of these two detoxified hydrolyzates for ethanol fermentation with a promising Saccharomyces cerevisiae R3DSC5 strain (Sanjeeva Rao et al. 2014 ).
Materials and methods

Macroalgae
P. tetrastromatica and S. vulgare were collected at the end of their vegetative phase from the shore Sanjeeva Rao Durbha, Surya Santosh Mohan Dev Tavva, Girijashankar Guntuku, Prabhakar Tadimalla, Venkateswara Rao Yechuri, Someswara Rao Nittala, Venkata Subba Rao Muktinutalapati / American Journal of Biomass and Bioenergy (2016) Vol. 5 No. 1 pp. 31-42 33 of the Bay of Bengal near Visakhapatnam which is situated on the east coast of the India between the latitudes, 17˚ 40' 30'' and 17˚ 45' N, and longitudes, 83˚ 16' 25" and 83˚ 21' 30"E. P. tetrastromatica is available round the year while S. vulgare is available from November to March in this region. The algal materials were thoroughly washed with sea water to remove debris, brought to laboratory in air tight plastic bags, dried at 60 ˚C in a hot air oven and powdered using grinder. Saccharomyces cerevisiae R3DSC5 strain was isolated in our laboratory and deposited in IMTECH, national microbial collection centre of the India, with accession number MTCC 12377.
Pretreatment of biomass
Five g powder of each biomass was used for standardizing the pretreatment schedule using either acid (50 ml each of 1, 2, 3 and 4% v/v dilute sulphuric acid (HCl) in 500 ml screw cap Borosil bottles) and incubated in autoclave at 121 ˚C or alkali (50 ml each of 0.5, 1, 5 and 10% NaOH in 500 ml screw cap Borosil bottles) and incubated at room temperature. For combined treatment, 5g powder of each biomass was separately treated with 50 ml of 0.5% w/v NaOH at room temperature for 15 and 45 min. Then, it was acidified with dilute H2SO4, 1% and 2%, v/v separately and incubated in autoclave at 121 ˚C. In all these treatments, samples were collected at every 15 min for 90 min and analyzed for reducing sugar content with dinitrosalicylate (DNS) reagent (Miller 1959) .
The pretreated hydrolyzates were sequentially detoxified with ethyl acetate (EA) and calcium oxide (CaO) (Pasha et al. 2007 ).
Fermentation of the hydrolyzates
The pH of detoxified hydrolyzates was separately adjusted to 5, 50 ml of this hydrolyzate was sterilized in autoclave at 121 ˚C for 15 min, cooled, inoculated (0.1× 10 8 cells/ml) with S. cerevisiae strain R3DSC5 and incubated at 30 ˚C in orbital shaker at 120 rpm. Samples were collected at 12 h intervals, growth was measured at 600 nm using spectrophotometer and ethanol was determined by Gas Chromatography.
Chemical analysis
Quantitative analysis of holocellulose, lignin, ash, extractives and other compounds in macroalgal samples was performed at the Forest Research Institute, Dehradun, India (Tappi 1992).
Monomeric sugars and five common fermentation inhibitors in the detoxified hydrolyzates were analyzed using HPLC system (Agilent) equipped with Refractive Index and Ultra Violet detectors respectively. Benson carbohydrate column maintained at 70 °C was used for separation with water as mobile phase with a flow rate of 0.4 ml/min. YMC Packpro C18 column maintained at 25 ˚C was used for the separation of inhibitors in crude, pretreated and detoxified hydrolyzates. Mobile phase A (0.05% v/v trifloroacetic acid in water) was delivered for the first 15 min (0-40%) followed by mobile phase B (0.05% v/v of trifloroacetic acid in acetonitrile) for next 5 min (40-80%) in linear gradient elution mode with a flow rate of 1 ml/min. All samples were filtered through 0.45 µ syringe filter. The retention time of the sample peaks were compared to that of the authentic samples purchased from Sigma-Aldrich and the concentrations were calculated from the area under the respective curves.
Fermented samples were diluted with Dimethyl Sulfoxide (DMSO) at a concentration of 40 mg/ml and ethanol was estimated using Agilent Gas Chromatograph equipped with Agilent DB-624 column and flame ionization detector. Oven was initially held at 40 ˚C for 12 min followed by gradual increase from 40 to 220 ˚C at 30 ˚C/min and finally held for 5 min. Injector and detector temperatures were maintained at 180 and 240 °C respectively. Carrier gas (He) was swept through the column with a flow rate of 3 ml/min.
Statistical analysis
R software (version 3.2.0) was used for ANOVA (Agricolae package) and the data were used for developing graphs (ggplot2 package and MSexcel).
Results and Discussion
Chemical composition of the biomass
S. vulgare contains 1.8 times more lignin (Table 1) than P. tetrastromatica whereas the latter contains more holocellulose. As most of the fermentation inhibitors originate from lignin during pretreatment, P. tetrastromatica, of the two, appears to be a better substrate for ethanol production whereas S. vulgare can be a better carbon source due to the presence of less ash content and more amount of holocellulose. In Sargassum spp, 46.08% holocellulose, 29.48% ash content and 1% lignin were reported (Myra et al. 2013) . These values, except lignin, are close to the ones observed in this study and the variation could be due to variation in cultivation conditions (Myra et al. 2013; John et al. 2011; Marinho-Soriano 2006) . 
Optimization of pretreatment conditions
Among the various pretreatments employed in the present work, reducing sugar yield was more with dilute sulphuric acid treatment. Of the four concentrations of dilute sulphuric acid used, higher amount of reducing sugars were observed with 2 and 3% in both the species (Fig. 1) . Release of reducing sugars increased with the increase in acid concentration upto 3% and their decrease at 4% could be due to the breakdown of some of the released reducing sugars due to higher acid concentration. The difference in the quantity of reducing sugar between 1 and 2% seems to be less in P. tetrastromatica than that of S. vulgare. Peak reducing sugar release was observed at 60 and 90 min for P. tetrastromatica and S. vulgare respectively, however, these quantities were statistically Sanjeeva Rao Durbha, Surya Santosh Mohan Dev Tavva, Girijashankar Guntuku, Prabhakar Tadimalla, Venkateswara Rao Yechuri, Someswara Rao Nittala, Venkata Subba Rao Muktinutalapati / American Journal of Biomass and Bioenergy (2016) Vol. 5 No. 1 pp. 31-42 35 similar to the reducing sugar yield at 45, 75 and 90 min (Fig. 2) . Moreover, further increment in reducing sugar release after 45 min incubation was almost negligible for P. tetrastromatica. Generally, reducing sugar yield was monitored at this stage with DNS reagent (Kumar et al. 2013; Nitin et al. 2013; Myra et al. 2013 ) which also reacts with furfurals due to the presence of intact reducing groups and the estimated reducing sugar yield is the combination of simple sugars and their furfurals. The possibility of simple sugar to furfural conversion generally increases with the increase in acid concentration as well as reaction time at high temperatures (Oscar and Carlos 2009) . Therefore, to ensure the availability of more reducing sugar levels, 1% and 2% sulphuric acid concentrations with 45 min incubation time were chosen for P. tetrastromatica and S. vulgare respectively.
Dilute sulphuric acid (particularly 2% sulphuric acid) resulted in maximum amount of reducing sugars for marine lignocellulosic materials (Nguyen et al. 1998; Rajendran et al. 2011; Soderstrom et al. 2003) . Various pretreatment conditions were employed, however, the quantity of sugar released from the biomass during dilute or thermal acid hydrolysis was close to that from the acid + enzyme combination (Nitin et al. 2013) . Sugar yields of 0.32 and 0.44 g/g biomass were obtained from P. tetrastromatica and S. vulgare respectively in the present work through a much simpler and relatively economical treatment with dilute acid hydrolysis for 45 min at 121 ˚C. Though the lignin content in the present material of S. vulgare is about six times more than that reported (Myra et al. 2013) , the percentage of reducing sugars was nearly the same.
Sugar and inhibitor composition of the hydrolyzates
Arabinose is the dominant sugar in the detoxified hydrolyzates of both the species followed by galactose + mannose, glucose, ribose and xylose (Table. 2). In S. vulgare, arabinose and galacatose + mannose contents are almost double than that of P. tetrastromatica. Comparatively, availability of simple sugars as well as pentose versus hexose ratio in S. vulgare (1.6) is higher than those in P. tetrastromatica (1.0). Wide variation in carbohydrate availability and composition in the hydrolyzates of macroalgae was observed (Kim et al. 2011 ) and galactose was reported as the dominant sugar in desulfurated red seaweed-derived polysaccharides (De-RSDP) (Xiaolin et al 2014) . Six inhibitors were found (Table 3) in both the species. Of these, acetic acid was in higher concentration in the crude extracts as well as in the EA detoxified extracts of both the species. Both EA and acetic acid were effectively removed during detoxification with calcium oxide (Table 4 ). The quantities of other four acids were found to be statistically similar before and after detoxification, however, the levels of some of these acids decreased after detoxification. On the other hand, it was indicated that EA can completely remove furfurals, acetic acid and vanilic acid from the hydrolyzates (Oscar and Carlos 2009) .
Acetic acid penetrates the yeast cell membrane and releases H+ ion in the cytoplasm and cell invests energy to drive out the excess H+ ion and this process inhibits growth and may also lead to cell death (Pampulha and Loureiro-Dias 1989) . Furfural damages membranes, nucleic acids and proteins, limits sulfur assimilation, reduces NADH/NADPH levels while ferulic acid, vanilic acid and syringaldehyde damage membrane and cytoskeleton, decrease cellular pH and ATP (similar to acetic acid), inhibits translation, denatures proteins, induces DNA mutagenesis and apoptosis (Jeff et al. 2014) . 
Fermentation of hydrolyzates with R3DSC5
R3DSC5 strain of S. cerevisiae was isolated from our laboratory and it has the ability to utilize and produce considerable quantities of ethanol from multiple sugars like glucose (Sanjeeva Rao et al. 2014) , galactose, maltose, arabinose (C5 sugar), etc., (unpublished data). Ethanol production using Sanjeeva Rao Durbha, Surya Santosh Mohan Dev Tavva, Girijashankar Guntuku, Prabhakar Tadimalla, Venkateswara Rao Yechuri, Someswara Rao Nittala, Venkata Subba Rao Muktinutalapati / American Journal of Biomass and Bioenergy (2016) Vol. 5 No. 1 pp. 31-42 38 pretreated filtrates of P. tetrastromatica and S. vulgare was attempted at two substrate concentrations, 50 and 100 g/L. Yeast growth was almost double for P. tetrastromatica while it was around double at 60 h and treble at 72 h as well as at 96 h for S. vulgare with 100 g/L substrate. For P. tetrastromatica, 3.0 to 10 and 2.0 to 5.2 g/L of ethanol were produced from 50 and 100 g/L substrate concentrations respectively. For S. vulgare, 3.4 to 7.6 g/L and 2.8 to 4.8 g/L ethanol was produced from 50 g/L and 2.8 to 4.8 g/L 100 g/L substrate concentrations respectively. More growth was observed at 100 g/L more ethanol was produced with 50 g/L in both the species (Table  5) . (Yeon et al. 2010; Hyeon et al. 2011) .
In this study, maximum ethanol yield (0.38 g/g) obtained for S. vulgare is similar to that reported from other species of Sargassum (Table 6 ) while for P. tetrastromatica it (0.66 g/g) is significantly higher than the hitherto reported highest value of 0.45 g/g for various marine algae (Xiaolin et al. 2014) . Further, unlike this study, hydrolyzates were supplemented with 10 g/L peptone, 5 g/L yeast extract and 10 g/L NaCl (Kim et al. 2011) , 0.9 g/L (NH4)2SO4 and 0.375 g/L yeast extract (Oscar and Carlos 2009) , 0.25 g/L (NH4)2HPO4 and 3 g/L yeast extract (Meinita et al. 2012) , 5 g/L peptone and 3 g/L yeast extract (Xiaolin et al. 2014 ) and 9 g/L (NH4)2SO4 (Nitin et al. 2013 ) before fermentation. 
